Purpose -Work reported in the present paper investigated the inhibiting properties of a number of N-heterocyclic amines in 0.1 mol/l HClO 4 . An attempt also was made to correlate some molecular parameters of these compounds with their corrosion inhibitor efficiency. Design/methodology/approach -The test series included piperidine (pip), 2-methylpiperidine (2mp), 3-methylpiperidine (3mp), cis-2,6-dimethylpiperidine (26dp), 3,5-dimethylpiperidine (35dp), 3-hydroxy piperidine (3hp), 4-hydroxypiperidine (4hp), 4-aminopiperidine (4ap), piperazine (pz), 2-methylpiperazine (2mpz) and cis-2,6-dimethylpiperazine (26dpz). The inhibiting effect was investigated in 0.1&thinsp;mol/L HClO 4 by potentiodynamic polarization (DC) and electrochemical impedance spectroscopy (EIS). Findings -The results show that these compounds suppressed both cathodic and anodic processes of iron corrosion in 0.1 mol/l HClO 4 by adsorption on the surface, which followed a Langmuir adsorption isotherm. Experimental observations indicated that basic piperidine and piperazine were better corrosion inhibitors than were their derivatives. The inhibition properties of N-heterocyclic amines were found to be related to the charge on the nitrogen atom and the sum of the net charge of the all six atoms from the cyclic ring. Originality/value -This paper provides useful information relative to corrosion inhibition efficiency of the group of N-heterocyclic amines. It is concerned with a theoretical explanation between electronic and structural characteristics of these compounds and their inhibitor efficiency.
Introduction
Chemical additives in different acid-aqueous systems can prevent and/or modify the corrosion process (Roberge, 1999) . Because of their good water solubility and low molecular weights, amines are well known as corrosion inhibitors (Willars et al., 1976; Damborenea et al., 1997; Khaled et al., 2004) . It has been found that corrosion efficiency increased with increasing the carbon number in open-chain amines Hackerman, 1968, 1969) . In addition, the presence of a heteroatom (Finley and Hackerman, 1960) or an unsaturated bond (Ayers and Hackerman, 1963) in the inhibitor can produce greater effectiveness.
In general it was accepted that the inhibition mechanism is preceded by the formation of an intermediate Fe-adsorbed inhibitor, which is slow at low concentration, and then in a second stage at higher concentration, the formation of a compact inhibitor over-layer on the metal surface. Adsorption can occur through metal-nitrogen atom bonding via p-electrons by chemisorptions or with a protonated amine through the formation of a hydrogen bond to the metal surface (Li et al., 1997) . It was observed that markedly high inhibition efficiency was achieved using medium-sized polymethylene amines with 9-12 methylene group (Aramaki and Hackerman, 1969) and this effect was caused by the donation of the unshared p-electron pair on the nitrogen atom with the metal. The experimental observations for cyclohexylamine, for example, show that this cyclic amine does not change the electrochemical reactions responsible for corrosion. It inhibits corrosion primarily through its adsorption onto the metal surface (Li et al., 1997) .
The assumptions about different correlations between the molecular structure of organic compounds and their ability to adsorb onto the metal surface, and thereby inhibit corrosion, have been studied for many series of compounds. The correlations were determined mainly to be attributable to: changes in the electronic density of the group assumed to be responsible for the adsorption (Moretti et al., 1996) , frontier orbital energies (Li et al., 1999; Sastri and Perumareddi, 1997) , ionization potential and the ability to share electrons (Ayers and Hackerman, 1963; Li et al., 1999) , surface area (Ayers and Hackerman, 1963) , and many other molecular characteristics. Nevertheless, there is no general way to predict the potential of a compound to be good corrosion inhibitor or to find a universal type of correlation.
Work reported in the present paper investigated the effect of different N-heterocyclic amines and their derivatives on the corrosion reaction of iron in 0.1 mol/l HClO 4 by applying both dc and electro chemical impedance spectroscopy (EIS) techniques. An attempt also was made to correlate some molecular parameters of these compounds with their corrosion inhibitor efficiency.
Experimental details
The structures of the N-heterocyclic amines studied in the present investigation are shown in Figure 1 . All of the compounds used in the study were obtained from Aldrich Chemical Co. They were added to the 0.1 mol/l HClO 4 (Fisher Scientific) without pretreatment at concentrations of 10 2 4 , 10 2 3 , 5 £ 10 2 3 and 10 2 2 mol/l. The electrodes were immersed in these solutions for 1 h before starting the measurements.
Experiments were carried out using pure iron rod (Puratronic 99.99 percent, Johnson Mathey Ltd) as the electrode material. The rod samples were mounted in Teflon, and had a surface area of 0.28 cm 2 . Exposed surfaces were abraded with emery papers of decreasing grit size (180, 120, 0, 4/0), polished with 0.5 mm Al 2 O 3 , cleaned ultrasonically in 18 MV water, and rinsed in acetone and bi-distilled water.
A conventional electrolytic cell was used for all of the experiments with a platinum mesh counter electrode and a saturated calomel reference electrode (SCE). All of the reported potential values were measured vs SCE. The experiments were carried out under static conditions at 258C in aerated solution. A Luggin fine capillary was placed close to the working electrode to minimize Ohmic resistance effects.
Measurements were performed using an EG&G Princeton Applied Research Potentiostat/Galvanostat (PAR model 273) in combination with a Solartron 1250 frequency response analyzer. The instruments were used for polarization and capacitance measurements in conjunction with a computer to collecting the data. The dc current-potential curves were obtained by changing the electrode potential automatically from 2 250 to þ250 mV SCE at a scan rate of 1 mV/s. EIS measurements were carried out over the frequency range of 100 kHz-30 mHz with perturbation amplitude of 5 mV peakto-peak, using AC signals at open circuit potential. The corrosion software used in this study is Model 352-252 version 2.23. EIS software Model 398 was used for impedance analysis.
Hyperchem Version 7 (Hypercube Inc.), a quantummechanical program for molecular modeling was used. These molecular orbital calculations are based on the semiempirical self-consistent field method (Thiel, 2000) . A full optimization of all geometric variables without any symmetry constraints was performed at the restricted Hartree-Fock level (Wolinski et al., 1990; Dewar and Liotard, 1990) . For this, the approaches PM3 (Thiel, 2000) , AM1 (Dewar et al., 1985) and MNDO (Dewar and Thiel, 1977) semi-empirical methods were used.
Results

Potentiodynamic polarization measurements
Anodic and cathodic polarized potentials were measured in the absence and presence of the inhibitors. Figures 2-4 show the polarization curves. The electrochemical parameters of current density (i corr ), corrosion potential (E corr ), corrosion rate (CR), cathodic (b c ) and anodic (b a ) Tafel constants were calculated from the dc curves and are presented in Tables I-III. The inhibition efficiency was calculated from:
where i 0 corr and i corr are the uninhibited and inhibited corrosion current densities, respectively.
In the absence of an inhibitor, a high current density appeared at 2 519.2 mV, showing a corrosion rate around 2.27 mmpy for pure iron in 0.1 mol/l HClO 4 . The Nheterocyclic amines at 10 2 4 -10 2 2 mol/l, decreased corrosion current densities (Tables I-III) . In all cases, i corr decreased at higher inhibitor concentration. Potentials that shift cathodically are characteristic for most amines. The inhibited anodic Tafel slopes were lower in all cases, thus showing the effect of the inhibitor on the iron dissolution reaction. The cathodic Tafel slopes gradually decreased with inhibitor concentration. This infers that compounds in the present tests were inhibitors of the "mixed" type, i.e. they affected both electrochemical the anodic dissolution of iron and the hydrogen evolution reaction (Figures 2-4 ). Tables IV-VI The charge transfer resistance values were calculated from the difference in the impedance at lower and higher frequencies. Higher values of R ct , which arise with higher Figure 1 The structure of N-heterocyclic amines concentration of amines, are indicative of greater inhibition efficiency.
EIS measurements
IE percent was calculated from the R ct values, i.e. 1/R ct in inhibited and uninhibited ð1=R 0 ct Þ solution, as described in equation (2) IE percent
and surface coverage (u) was calculated directly from equation (3),
The impedance spectra for iron in 0.1 mol/l HClO 4 in the presence of different concentrations of inhibitors were similar (Tables IV-VI) .
Double layer capacitance (C dl ) was calculated from the following:
where 2 Z 00 max is the maximum imaginary component of the impedance. Figure 5 Nyquist plots for iron in 0.1 mol/l HClO 4 in the presence of piperidine and its methyl derivatives at concentration 5 £ 10 2 3 mol/l
The double layer capacitance at the Fe/HClO 4 interface decreased with increased inhibitor concentration (Tables IV-VI) . A decrease in C dl , which can result from a decrease in local dielectric constant and/or an increase in the thickness of the electrical double layer, indicates that the inhibitors were adsorbed on the surface at both anodic and cathodic sites (McCafferty and Hackerman, 1972) .
Discussion
Piperidine and its derivatives gave results within comparatively narrow range of IE percent (see Table I ).
The methyl group(s) decrease the inhibiting performance of piperidine. Ortho-derivatives 2mp . 26dp were more effective than were the meta-3mp . 35dp compounds. In case of the amino-or hydroxy-piperidines it was evident that the electron-withdrawing group at the para-position had a lesser influence on inhibition behavior (see Table II and Figure 3) , and gave better inhibition than did the 3-hydroxypiperidine products. Piperazine and methyl derivatives can be expected to exhibit higher efficiency, as might be predicted as a result of the presence of the two nitrogen atoms in the structure (Figure 1) . The experimental results of their inhibiting action Figure 6 Nyquist plots for iron in 0.1 mol/l HClO 4 in the presence of hydroxy-and amino-piperidines at the concentration of 10 2 3 mol/l Figure 7 Nyquist plots for iron in 0.1 mol/l HClO 4 in the presence of piperazine and its methyl derivatives at concentration 10 2 3 mol/l in 0.1 mol/l HClO 4 indicate that they were less effective than were the piperidines in HClO 4 acid (with exception for 10 2 2 mol/l pz), and the same effect of decreased efficiency was evident with the ortho-methyl group(s) present (Table  III) . The influence of the compounds on the cathodic reaction also was more pronounced in the case of piperazine than was the case for piperidine derivatives (Figures 2 and 4) .
The inhibiting effect of N-heterocyclic amines was evident even at low concentration and became more pronounced as the concentration was increased. In addition, the effectiveness of piperidine derivatives was slightly greater than was that of the piperazine amines for the same concentration range. The dependence of corrosion rate on inhibitor concentration is shown in Figure 9 . The largest gap in inhibitor activity was obviously between 10 2 4 and 10 2 3 mol/l, there being an almost linear relationship at higher concentrations for the piperidines. In the case of piperazines, almost constant rates were evident at 10 2 3 mol/l. Nevertheless, at 10 2 2 mol/l corrosion rates decreased substantially.
The impedance data provide information concerning inhibiting behavior, which gave the same ranking order as that obtained via the potentiodynamic polarization experiments. The difference in efficiency at the highest concentration of inhibitors was approximately 10 percent with the group of the piperidines (Table IV and V) and was 18 percent for the piperazines (Table VI) . This result indicated that the presence of a methyl group had a greater effect in decreasing the inhibiting capability of the two-nitrogen heterocycle than was the case for the piperidine group.
Impedance data show that in a few cases, two semicircles were evident on the impedance diagrams, i.e. for the dimethylpiperidines (26 and 35dp, Figure 5 ), 3-hydroxypiperidine (3hp, Figure 6 ), piperazine (pz, Figure 7 ) and for the blank test (Fe/0.1 M HClO 4 , Figures 5-8 ). Other amines give impedance diagrams with more depressed semicircles and this difference was attributed to frequency dispersion (Khaled and Hackerman, 2003a, b) .
The equivalent circuit that describes this class of inhibitors in the acid media is shown in Figure 10 ( Khaled et al., 2004) . R s , R ct and CPE refer to solution resistance, charge transfer resistance and constant phase element, respectively. The diameters of the capacitive loop obtained in HClO 4 solution increased in the presence of amine derivatives, and were indicative of the degree of inhibition of the corrosion process.
The shape of the spectra, which composed of two semicircles, represented the corrosion reaction at the metal/ electrolyte interface. The high frequency part of the impedance and phase angle describes the behavior of the inhomogeneous surface layer, while the low frequency contribution shows the kinetic response of the charge transfer reaction (Mansfeld, 1990) .
The nitrogen atom contained in the organic molecules is believed to be the key component of a good inhibitor molecule. This element is electro-active and interacts with a metal surface by direct sorption, sharing electrons between the nitrogen atom and iron in the metal surface (Li et al., 1999) . Piperidine, piperazine and their derivatives are easily protonated in acid medium because they are weak bases and their adsorption mainly would be in the protonated form. In addition, piperidinum and piperazinium cations can be adsorbed electrostatically (Khaled et al., 2004) .
Several adsorption isotherms commonly are used to characterize inhibitor performance. The Langmuir (C inh /u vs C inh ) assumes there are no interactions between adsorbed molecules on the surface. The Frumkin adsorption isotherm (u vs C inh ) assumes that there is some interaction between the adsorbates, and the Temkin adsorption isotherm (u vs log C inh ) represents the effect of multiple layer coverage (Masel, 1996) .
Isotherms produced from these inhibitor studies were not direct measurements of adsorption, i.e. they were derived from the EIS data. The Langmuir adsorption isotherm exhibited the best fit of C inh /u as a function of inhibitor concentration (Figure 11 ). The effect of the molecular structure of these compounds on their inhibiting properties can be considered in terms of their electronic and chemical structure. First, the effect on electron density, i.e. charge on the nitrogen atom and2 on the whole heterocyclic ring. Second, the effect on structural changes in terms of bond distances and angles. Total energy (E tot ) is obtainable after geometric optimization with respect to all the nuclear coordinates (Figure 12 ).
Piperidine, piperazine and derivatives are organic bases, which become protonated in acidic solution. The presence of these NH 2 þ -cations and incomplete iron d-sublevel make possible an affinity for metal complex ion formation and the ability to inhibit surface reactions by chemisorption. The different electronic and structural effects that should be taken in account for compound inhibiting performance can determine their reactivity. For instance, the presence of an electronreleasing group, methyl, is assumed to provide increased inhibitor efficiencies because of an increased electronic density on the nitrogen atom of the compounds. The effect is more pronounced if an aromatic system is present (Xiao-Ci et al., 2000; Khaled and Hackerman, 2003a, b) . However, the results of the quantum chemical calculations show that electronic density decreased for methyl piperidines see Figure 12 , as was the case for the methyl pyridines (Xiao-Ci et al., 2000) . Figure 12 shows the effect of the ZCH 3 methyl group in various locations on some electronic and structural characteristics of piperidine. The negative charge on the nitrogen atom (ZQ N ) of the piperidine is slightly higher than on its derivatives. The sum of the net charge of the six atoms from the cyclic ring (ZQ ring ) was calculated for the nonprotonated piperidine and its methyl derivatives and showed that their inhibitor efficiency was related to this effect, as shown in Figure 13 . This means that higher inhibitor efficiency goes with higher negative total charge, along with their increased inhibitor efficiencies, and were observed to be pip . 2mp . 26dp . 3mp . 35dp. Structurally, it is evident that the 2-methyl derivatives influence the somewhat greater elongation of the N-C distance and its corresponding angle more than is the case for the same group in position 3.
A noticeable electron effect was found in the case of piperazine and its methyl derivatives, in which the ranking order of decreased negative charge was the same as that of reduced inhibitor effectiveness of pz . 26dpz . 2mpz.
The relationship between some molecular parameters and the inhibiting properties of amino compounds show that a definite dependence exists. Nevertheless, a number of neglected parameters that could be involved in such correlations, such as surface and solution characteristics, give at least a simplified explanation, though the correlation is not so simple and straightforward as might be expected. The inhibitor efficiency increased with the increase in inhibitor concentration. At highest concentrations, IE percent followed the ranking order: pip . 2mp . 26dp . 3mp . 35dp, 4hp . 4ap . 3hp and pz . 26dpz . 2mpz. The compounds were inhibitors of the "mixed" type, i.e. they affect both anodic dissolution of iron and hydrogen evolution reactions. The adsorption of all compounds investigated was confirmed to follow the Langmuir isotherm.
Conclusions
. The inhibition properties of these N-heterocyclic amines could be related to the charge on nitrogen atom and sum of the net charge of the six atoms from the cyclic ring. Figure 12 Total energy, charge on the nitrogen and the sum of the net charge of six atoms from the cyclic ring, bond distance and corresponding angle for the piperidine and its methyl derivatives obtained from PM3 method Figure 13 Relation between inhibitor efficiency and sum of the net charge from the heterocyclic ring (ZQ ring ) of piperidine and its methyl derivatives
